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ABSTRACT 

We combine the results of the Spitzer IRAC Shallow Survey and the Chandra 
XBootes Survey of the 8.5 square degrees Bootes field of the NOAO Deep Wide- 
Field Survey to produce the largest comparision of mid-IR and X-ray sources 
to date. The comparison is limited to sources with X-ray fluxes >8xlCT 15 erg 
cm _2 s _1 in the 0.5-7.0 keV range and mid-IR sources with 3.6 /zm fluxes brighter 
than 18.4 mag (12.3 /xJy). In this most sensitive IRAC band, 85% of the 3086 
X-ray sources have mid-IR counterparts at an 80% confidence level based on a 
Bayesian matching technique. Only 2.5% of the sample have no IRAC coun- 
terpart at all based on visual inspection. Even for a smaller but a significantly 
deeper Chandra survey in the same field, the IRAC Shallow Survey recovers most 
of the X-ray sources. A majority (65%) of the Chandra sources detected in all 
four IRAC bands occupy a well-defined region of IRAC [3.6] - [4.5] vs [5.8] - [8.0] 
color-color space. These X-ray sources are likely infrared luminous, unobscured 
type JAGN with little mid-infrared flux contributed by the AGN host galaxy. Of 
the remaining Chandra sources, most are lower luminosity type /and type //AGN 
whose mid-IR emission is dominated by the host galaxy, while approximately 5% 
are either Galactic stars or very local galaxies. 

Subject headings: galaxies: infrared — galaxies:X-ray — galaxies: nuclei — galax- 
ies: Seyfert 
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Introduction 



The Cosmic Infrared Background (CIB) represents a large fraction of the energy gen- 
erated during the history of the universe. The two main contributers to the CIB are fu- 
sion processes within stars and accretion processes on to black holes (see the review by 
Hauser &: Dwekll200ll ). The contribution to the CIB from accretion is less well constrained 
than that from stars because AGN surveys have always suffered from systematics and in- 
completeness. Optical and soft X-ray surveys tend to miss dust- or gas-obscured AGN, while 
surveys at wavelengths insensitive to absorption either include only small sub-populations 
of AGN (radio) or are very limited by flux or survey area limitations (hard X-ray, infrared). 
With the advent of the Chandra X-r ay Observatory (IWeisskopf et al.lll996l ) and the Spitzer 
Space Telescope ( IWerner et al.l 120041 ) the tools became available to do the wide- field imag- 
ing surveys needed to determine the relative contribution of stars and AGN to the CIB 
throughout the history of the universe. 

In this paper we examine the mid-IR colors of a large sample of X-ray s ources in the ~ 
9 squ are degree Bootes field of the NOAO Deep Wide Field Survey (NDWFS; |Jannuzi fc Dey 
19991 ). a ground based survey from the optical to the near-I R (BiyRIJK.s 1 ). The X-ray sources 



were detected in the Chandra XBootes surv ey of the field ([Murray et al.ll2005l ; iKenter et al. 



20051 ; iBrand et al.ll2006l ; iHickox et al.l 120071 ). and then matched to the mi d -IR sources found 



i n the Spitzer IRAC Shallow Survey of the field (jEisenhardt et al.l 120041 ) . lEisenhardt et al. 



( 120041 ) pointed out that in a [3.6] - [4.5] vs [5.8] - [8.0] color-color diagram there was a 
dis tinct branch of po int-like 3.6 /im sources that were probably AGN. This was confirmed 
by IStern et al.l (120051 ) using spectroscopy of nearly 10,000 of the Shallow Survey sources 
including 681 A GN from th e AGN and Galaxy Evolution Survey (AGES, Kochanek et al. 



in preparation). lLacy et al.l (120041 ) found a similar color grouping in the Spitzer First Look 



Survey based on 54 optically identified quasars. In this paper we characterize the mid-IR 
properties of the full Chandra XBootes sam ple. There have been several previous surveys 



comparing X-ray and mid-IR sources (e.g. iFadda et al.l |2002| ; lAlonso-Herrero et al.l 12004 



Franceschini et al.ll2005l ; iBarmby et al.ll2006l ). but our present survey is significantly larger. 
Our objectives are to characterize the mid-IR color distributions of X-ray sources and the 
efficiency with which we can detect X-ray sources in the mid-IR. In §2 we describe the X-ray 
and mid-IR observations and our method for matching the two catalogs. In §3 we compare 
the two samples, and we summarize the results in §4. 
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Observations 



The XBootes survey ({Murray et al.l 120051 ) imaged roughly 8.5 square degrees of the 
Bootes NDWFS using the Advanced CCD Imaging Spectrometer (ACIS) instrument on 
Chandra in a series of 126 short (5 ks) observations. The resulting limiting flux was ~10 -3 
cts s _1 corresponding to ~8xl0~ 15 erg cm~ 2 s -1 in the 0.5-7.0 keV range. We use a catalog 
of 3442 sources with 4 or more counts that has a spurious detection rate of approximately 1% 
( jKenter et al.ll2005l ). Matching the X-ray sources to their IRAC counterparts is complicated 
by the fact that the positions of the X-ray sources have significant uncertainties that depend 
on the fluxes of the sources and their locations relative to the Chandra optical axis. The 
Chandra PSF is only 0'.'6 FWHM on axis, but degrades quadratically with off-axis distance, 
reaching 6'.'0 when 10 arcmin off-axis. We adopt an astrometric uncertainty appropriate to 
each source based on its off axis position, divided by the square root of the source counts, 
with a fixed minimum uncertainty of l'/5 (90% confidence). 



The IRAC Shallow Survey (jEisenhardt et al.l 120041 ) covers 8.5 square degrees of the 
NDWFS field with 3 or more 30 sec exposures per position resulting in 17,076 separate 5'x5' 
images in the four IRAC bands . Sources were identified and characterized using SExtractor 
v2.3.2 ( Bert in fc Arnoutslll996l ). resulting in detections (within 6" diameter apertures) of ~ 
270,000, 200,000, 27,000, and 26,000 sources brighter than the 5a detection limits of 18.4, 
17.7, 15.5, and 14.5 Vega magnitudes (12.3, 14.9, 72.3, 102 /iJy) in the 3.6, 4.5, 5.8, ar 
8.0 /i m bands, respectively. The IRAC zeropoints are accurate at the 5% level ([Reach et al. 
20051 ) and the positions are accurate to 0'.'3. 



Since the X-ray survey covered a slightly larger area than the IR survey, we trimmed 
the X-ray survey by requiring that all the X-ray sources, including their error radii, were 
completely within the IR survey region. This resulted in a final X-ray catalog of 3086 sources. 



2.1. Mid-Infrared Identification of X-ray Sources 



Matching one catalog with ~ 3100 sources, many of which have significant positional 
uncertainties, to a second catalog with ~ 270,000 sources presents some challenges. If our 
matching criteria are too strict, then we have many false negatives, while if they are too 
liberal, we have many false positives. 

To best address this ma tching challenge we use the Bayesian source identification method 
used by iBrand et al.l (120061 ) for identifying the optical counterparts to the XBootes sources. 
The method optimizes the parameters of the matching criterion and supplies probabilities for 
both identifying the X-ray source with each nearby IRAC source and for the X-ray source 
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having no identification in the IRAC catalog. As a check on the Bayesian identification, 
we also used a simpler proximity match for the subset of 1658 X-ray sources with positional 
uncertainties <2'/0. This simple proximity match serves as a check for anomolies in the results 
from the Bayesian method. The results for both techniques and all four IRAC wavebands 
are listed in Table 1. The fraction of identified sources depends on the IR band because the 
sensitivity of the observations is greatest at 3.6 and 4.5 /j,m but significantly worse at 5.8 and 
8.0 /im. Figure 1 shows a comparison between the Bayesian and proximity match techniques 
based on the [3.6] — [8.0] and [5.8] — [8.0] colors and it is clear that the Bayesian matches are 
not introducing new populations, but the Bayesian technique is significantly increasing the 
number of matched sources in the bands where an increase is most useful. Since no problems 
were identified with the Bayesian method, we adopt the Bayesian results for the remainder 
of our discussion. 

In terms of numbers of X-ray sources identified in the IR, we focus on the 3.6/im iden- 
tifications as this is the most sensitive IRAC band. In the Bayesian method, each possible 
identification has a probability of being the correct identification. Figure 2 summarizes the 
distribution of the match probabilities for the most likely 3.6 /zm counterpart for each X-ray 
source. Most sources (79%) are matched at a confidence level above 95%; 85% are matched 
at a confidence level above 80%. In general, the sources with low match probabilities are 
relatively faint X-ray sources that are observed far off axis and have faint IRAC counterparts. 

There are 349 objects (11%) for which the highest likelihood is that the X-ray source has 
no counterpart in the IRAC catalogs. We extracted 3.6 /zm images of the regions near each of 
these objects for inspection. In most cases (244 objects) there is an IRAC source on or near 
the X-ray_position that is fainter than the 5a limit of the catalogs used for the matching 
procedurqj. For another 27 sources the X-ray source is in a region with either multiple, 
blended sources or very close to a bright star. Only 79 sources, 2.5% of the total sample, 
show no obvious IRAC source near the position of the X-ray source. Since the X-ray catalogs 
are expected to have a roughly 1% false detection rate, this means that only ~ 1.5% of the 
true XBootes sources have no counterpart in the IRAC Shallow Surv ey. Of these 79 sources, 



70 have probable optical counterparts. However iBrand et al.l (120061 ) estimated from Monte 
Carlo simulations that roughly 50% of sources genuinely lacking an optical counterpart would 
have a spurious counterpart due to the very high optical source density. 

IRAC is considerably less sensitive at 5.8 and 8.0 fim than at 3.6 and 4.5 /im, which 



1 Note that the 5cr limit for the 6" diameter aperture used for the IRAC catalog is a factor of 2 higher 
than the 5a limit for a 3" aperture which more nearly corresponds to the detection limit of the survey 
(jEisenhardt et al.ll2004T ). We use the 6" apertures here to obtain more reliable colors. 
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could lead to biases in the IRAC color-color distributions we will discuss shortly. We consider 
such biases by exploring how [3.6] — [4.5] colors depend on the presence of 5.8 and 8.0 /j,m 
detections. Figure 3 shows histograms of the [3.6] — [4.5] color for (1) all matched objects 
with > 5cr detections in the blue channels (3.6 and 4.5/xm) (2) > 5a detections in all four 
channels, and (3) lacking > 5er detections in the two red channels (5.8 & 8.0/xm). The 
median [3.6] — [4.5] color of the distributions are mutually consistent for all three cases, with 
median [3.6] — [4.5] = 0.49, 0.56 and 0.44 for cases (1), (2) and (3) respectively. Objects with 
detections in all four bands are marginally redder than the other cases, but the differences are 
small enough to rule out a significant population of X-ray sources with very blue [3.6] — [4.5] 
colors which might be systematically missed at 5.8 and 8.0 /xm. 



3. Infrared Properties of X-ray detected AGN 



Figure 4 shows the [3.6] — [4.5] versus [5.8] — [8.0] color-color distribution of the X 
ray sources. The largest groupi ng of points running tow ards red [3.6] — [4.5] colors is the 



popul ation of AGN identified by lEisenhardt et al.l (120041 ) and also discu ssed in IStern et al. 
( 2005 ). Superposed on Fig. 4 is the color selection criterion developed by Stern et al. ( 20051 ) 



to identify AGN based on opti cal spectroscopy o f 681 Ryega <21.5 mag AGN found in the 
survey region by AGES. In the IStern et al.l (120051 ) spectroscopic sample, 77% of the objects 
meeting the selection criterion were broad line (type I) AGN, 6% were narrow line AGN (type 
II) and 17% were galaxies with no obvious signs of AGN activity in their spectra. These 
objects may also be AGN with optic al emission lines that are overwhelm ed by the light of th e 
host galaxy (e.g. iMoran et al.l I2002T ) or absorbed by dust and gas (e.g. iBarger et al.ll200ll ). 
As shown in Fig. 4, of the 1325 X-ray sources with detections in all four IRAC bands, 65% 
meet the IStern et al.l (120051 ) selection criterion. 



The problem is categorizing the remaining sources. In Fig. 4 we have divided the 



[3.6] — [4.5] versus [5.8] — [8.0] color space into five regions, where region A is the lStern et al. 



( 120051 ) AGN selection region where power law emission of AGN from the near to the mid-IR 
dominates the flux of the host galaxy. For each region we have also calculated the average 
X-ray hardness ratios HR = (H — S)/ (H + S) of the sources, where H is the number of 
hard (2.0-7.0 keV) counts and S is the number of soft (0.5-2.0 keV) counts. In region A the 
median (average) source has S = 6.00±2.45 (11.13±2.92) and H = 3.00±1.73 (4.95±1.95) 
for a hardness ratio of HR = —0.40 ± 0.39 (—0.32 ± 0.43) (Figure 5). This value is typical 



of type I AGN (e.g. lAkylas et al.l 120041 ) implying the X-ray objects in this the region are 
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dominated by type I sources as also evidenced by the optical spectroscopy § . A significant 
number of Spitzer selected sources also have well determined IRAC colors placing them in 
this AGN wedge but are not detected by XBootes and are optically fainter than the AGES 
spectroscopic limit. Such sources are likely a mixture of fainter type / AGN and obscured, 
type II, AGN. Additionally there are X-ray sources which were detected off axis which are 
difficult to match to faint IRAC sources leading to the p ossibility that faint, obscured AGN 



which are more likely to be type II a t all wavelengths (jUeda et al.l 120031 ; lHao et al.l 12005 



Brown et al.l 12006c iGorjian et al.ll2004j ) may be missed, but this is not the case. For Region 
A, if we take the subsample of sources with >2" error radii which comprise 30% of the sources 
in Region A, the hardness ratio changes only a small amount from -0.4 to -0.33. So a large 
number of faint IRAC type II sources are not being missed because they were preferentially 
selected against in off axis matching. 

Region B, with 3% of the sources, has a median (average) hardness ratio of HR = 
—0.24 ± 0.45 (—0.25 ± 0.47) which is harder than that of region A. Figure 5 illustrates that 
the HR distribution extends towards harder values than for region A. Type II AGN have 
harder ratios than type I AGN since in obscured sources soft X-rays tend to be absorbed 
while hard X-rays are able to escape. So a mixture with relatively more type II AGN in 
region B than A woul d explain the diffe rence in the shapes of the HR distributions. In 
terms of the IR colors IStern et al.l (120051 ) placed the blue limit on region A in [5.8] — [8.0] 
color to avoid the inclusion of z > 1 normal and st arburst galaxies, bu t low luminosity AGN 



will have the same colors as normal galaxies (e.g. IGorjian et al.ll2004l ). So, in addition to a 
larger percentage of type lis, region B is likely a combination of low IR luminosity AGN at 
z > 1, as well the extension of AGN from region A. 

Region C has a median (average) hardness ratio of HR = —0.33 ± 0.46 (—0.22 ± 0.48) 
containing 21% of the sources. Most of these sources are relatively blue in [3.6] — [4.5] either 
because they are lower luminosity AGN with significant contamination of the mid-IR fluxes 
by their host galaxies or because of strong emission lines in the 3.6 /zm band with Paschen 
aatz~ 0.8 being the most impo rtant numerically, but also with contributions from Ha at 



z ~ 4.3 (e.g. iRichards et al.ll2006l ). The shape and value of the HR distribution is similar 



to region A indicating a similar mix of type / and //AGN. 

Region D contains objects with red [5.8] — [8.0] colors indicative of low redshift PAH 



2 Typically type I AGN which have broad optical Hydrogen emission lines have low X-ray absorption 
leading to a softer X-ray hardness ratio, and type II AGN which have narrow optical Hydrogen emission 
lines have greater X-ray absorption, in particular of soft X-ray photons, which leads to a harder X-ray 
hardness ratio. These ratios are somewhat modified by redshift where the harder sources seem softer as the 
higher energy X-ray photons are redshifted to lower energies. 
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emission associated with star formation and blue [3.6] — [4.5] colors indicative of the Rayleigh- 
Jeans fall-off of low-redshift stellar emission. This region contains 6% of the sources and has 
a median (average) hardness ratio of HR = —0.20 ± 0.47 (—0.06 ± 0.48). The difficulty lies 
in distinguishing emission due to star formation from that due to obscured AGN, which can 
be difficult even with spectroscopy. The XBootes survey is deep enough to detect starbursts 
at modest redshifts (z ~ 0.04 to 0.12) so it is not unreasonable to expect a population of 
starbursts in the surveyjfl Starbursts, like type II AGN, tend to have hard X-ray spectra 



( jPtak et al.l 119971 ) . Since the median hardness ratio in region D is harder than that of the 
median source in region A, we expect that region D contains a greater mix of type II AGN 
and starbursts, but with a significant fraction of type I AGNs as evidenced by the presence 
of sources with soft X-ray hardness ratios. These are presumably lower luminosity type I 
AGN with weak nuclear IR emission that is not dominating the mid-IR colors and pushing 
them towards region A. 

Finally, region E, the clump containing 4% of the sources near Vega colors of zero, is 
dominated by X-ray emitting Galactic stars and z ~ galaxies. Visual inspection of the 
NDWFS optical data shows that ~ 20% are large, extended, early type galaxies whose X-ray 
emission is likely from hot X-ray emitting gas rather than an AGN. These sources have softer 
spectra as compared to all the other regions with a median (average) HR = —0.81 ± 0.51 
(-0.57 ±0.57). 



3.1. A Smaller but Deeper Look: The LALA Survey 



A further check of these results comes from the si ngle 17 / x 17 / Chand ra/ ACTS field ob- 
tained by the Lar ge Area Lyman Alp ha Survey (LALA. lRhoads et al.ll2000l ) with an exposure 
time of 172 ksec ( Wang et al.l 120041 ) . These data reach a hard X-ray (2-10 keV) detection 
limit of 10~ 15 erg cm -2 s _1 , far deeper than the XBootes survey limit of 1.5 xlO -14 erg cm -2 s _1 
We used a simple proximity match with a 2'.'0 matching radius for the 168 cataloged sources 
since the median X-ray positional uncertainty is only Qf!6. Of the 168 sources in the catalog, 
130 (77%) have (5a) 3.6/im counterparts within a 2'.'0 radius. If we allow for visual matches 
to 3.6yum sources fainter than the 5a catalog limit, then we find 145 (86%) counterparts. This 



3 In the models of Leitherer et al. ( 1995T 1 . a region with a star formation rate of 1 M Q yr _1 , a Salpeter 
initial mass function with a slope of 2.35, an upper mass cutoff of 100 Mq, and solar metallicity, produces 
2.5 xlO 4 O stars over a period of 10 7 yr. Since the 2-10 keV X -ray luminosity from each O star is estimated 
to be between 2 and 20xl0 34 erg s _1 ([Helfand fc Moranll200lf ), a starburst forming 100M Q year -1 stars has 
a hard X-ray luminosity of ^5-50xl0 40 erg s -1 . That is de tectable to z ~ 0.04 to 0.12 given the hard X-ray 
sensitivity of the XBootes survey (1.5x10" 



-14 



erg cm 2 s 1 Kenter et al.l (|2005h ) 
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is a similar statistic to that found by iBarmby et al.l (120061 ) from deep IRAC and Chandra 
imaging of a ~ 20' x 20' region of the Extended Groth Strip which found IRAC counterparts 
for 91% of Chandra sources. The high rate of recovery of the 172 ksec X-ray sources in 
the 90 sec IRAC Shallow Survey shows that the ~1% of the 5ksec sources that lack IRAC 
counterparts are not due simply to the fact that the IR survey is too shallow, but that the 
missing sources have some unusual X-Ray/IR characteristics. 

In the LALA region, the XBootes catalog has only 22 sources, of which 21 (95%) have 
3.6 /im counterparts. The XBootes sources in the LALA region are typi cal of the fie l d as a 
whole, with 64% (9 of 14) of the 4-band detected sources satisfying the IStern et al.l (120051 ) 
AGN selection criterion (Region A). 

Of the 35 sourc es in the de e per L ALA image that are detected in all four channels, 
17 (49%) satisfy the IStern et al.l (120051 ) AGN selection criterion and lie in region A. The 
majority of the rest, 13 (37%), lie in region C. 

With such small numbers it is difficult to make a comparison between the deep and 
shallow XBootes source fractions, but the greater percentage of sources in region C in the 
deeper survey may indicate a trend towards a larger fraction of obscured AGN at fainter 
X-ray fluxes. 



4. Summary and Conclusions 



In this paper we examine the mid-inf rared properties of 3086 X-ray sources in the Chan- 
dra XBootes Survey (IKenter et al.l 120051 ) that were detected by the IRAC Shallow Survey 
(jEisenhardt et al.l 120041 ) - the largest comparison of X-ray and mid- infrared sources yet un- 
dertaken. Despite an integration time of only 90 sec, the IRAC Shallow Survey detects 85% 
of the X-ray sources, with another 13% being detectable at lower confidence levels than the 
5cr detection limit of the primary Shallow Survey catalogs. Only 2.5% of the X-ray sources, 
up to 40% of which may represent false-positives in the X-ray catalogs, lack a counterpart. 
Even in the small area but deeper LALA X-ray survey, based on an X-ray exposure time of 
172 ksec rather than 5 ksec, most of the X-ray sources are easily detected (77% are in the 
5cr catalogs and 86% are detected at deeper thresholds). 

The mid-infrared colors of the X-ray sources show five relatively distinct classes. By 
far the larg e st clas s of sources (65%) satisfy the simple color-selection criteria developed by 
Stern et al.l (120051 ) to select AGN in the mid- infrared (Region A). Most of the remaining 
sources lie in an extension of this region where redshifted emission lines and/or host galaxy 
contributions to the SED provide for bluer [3.6] — [4.5] colors (Regions B and C). Sources 
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with red [5.8] — [8.0] colors and blue [3.6] — [4.5] colors are likely dominated by obscured 
AGN, lower luminosity unobscured AGN, and starburst galaxies (Region D). Finally, small 
fractions of the sources are clustered near mid-IR colors of zero magnitude (Region E). These 
sources are a combination of X-ray emitting stars and low redshift galaxies whose X-ray flux 
comes from X-ray emitting hot gas. 

This segregation in color space makes the mid-IR a very efficient wavelength range to 
do large area surveys for luminous IR AGN. In comparison to the XBootes survey which 
detected ~3000 sourc es in 630 ks , the I RAC Shallow Survey detected ~2000 AGN in 216 



ks (~2000 is the fota/ IStern et al.1 (120051 ) number of IRAC objects in the wedge), a factor of 



2 higher in detection efficiency The X-rays though can help provid e a co mpleteness factor 



for lower luminosity AGN which lie outside the wedge. IStern et al.1 (120051 ) deduced a lower 
limit surface density of 250 AGN per deg 2 based on the number of sources in region A from 
the entire Shallow Survey data (corrected by 9% to 275 per deg 2 based on spectroscopy of 
sources outside the wedge). The X-rays allow us to increase this lower limit by adding the 
AGN from regions B and C, which contain an additional 25% of four band detected sources, 
raising the lower limit to 350 AGN per deg 2 . 

Another approach is to directly combine the two techniques. With the exception for the 
stars in region E and the possible contamination of luminous starbursts in region D, 90% of 
the X-ray sources with 4 channel IRAC detections are AGN accounting for ~ 2700 sources 
from the full X-ray catalog. Of these X-ray sources 864 had 4 channel IRAC detections 
placing them in region A. Of the IRAC sources there are ~ 2000 sources in region A. 
Combining all the sources detected in the IR in region A with all the X-ray sources which 
are AGN (making sure not to double count the 864 IR detected X-ray sources in region A), 
gives a total of ~ 4000 AGN for a surface density of 460 AGN per deg 2 . Thus, using either 
approach can help place better limits on the contribution of AGN to the CIB. 



This work is based on data from two facilities: the Spitzer Space Telescope, which is 
operated by the Jet Propulsion Laboratory, California Institute of Technology under con- 
tract with NASA and the Chandra X-ray Observatory, which is operated by the Harvard 
Smithsonian Astrophysical Observatory. Support for this work was provided by NASA. The 
NOAO is operated by the Association of Universities for Research in Astronomy (AURA) 
Inc. under cooperative agreement with the National Science Foundation. This research has 
made use of the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet 
Propulsion Laboratory, California Institute of Technology, under contract with the National 
Aeronautics and Space Administration. 
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Table 1. Numbers (Percent) of XBootes Sources Identified in the Mid- Infrared 





3.6 /iin 


4.5 /iiii 


5.8 /xm 


8.0 fim 


Bayesian matching 1 


2609 (85%) 


2422 (78%) 


1346 (44%) 


1487 (48%) 


Proximity matching 2 


1477 (48%) 


1400 (45%) 


881 (29%) 


945 (31%) 



1 Matching is done using the Bayesian method with an 80% threshhold in the 
Bayesian confidence level. 

2 Matching is done by identifying a mid-IR source that is within 2'/0 of an X-ray 
source which has a positonal accuracy of <2'.'0. 



Note. — These are proximity match percentages based on the full 3086 X-ray 
sample. If one were only to compare the proximity matches with the 1658 sources 
that have positional errors <2'/0, then the statistics would be the following: 
3.6//m=89%, 4.5//m=84%, 5.8/im=54%, 8.0//m=57%. 
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Table 2. Summary of Statistics 





Number 


Percentage of all 
3086 sources 


Percentage of sources 
detected in all 
4 IRAC bands 


X-ray sources 


3086 


100 




— with 3.6/im counterparts 1 


2609 


85 




- with 4 color mid-IR counterparts 


1325 


42 


100 


- Region A: Within AGN wedge 


864 


28 


65 


- Region B: Blue [5.8] - [8.0] colors 


46 


2 


4 


- Region C: Red extension of region A 


283 


9 


21 


- Region D: Red [5.8] - [8.0] color 


78 


3 


6 


- Region E: Near zero-zero color 


57 


2 


4 



x The counterparts are all sources with >80% Bayesian probability of a mid-IR source matching 
an X-ray source. 

Note. — Regions A-E are the regions identified in Figure 4 
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[3.6] - [8.0] (AB) [5.8] . [8 . ] (AB) 

-2 -1 1 2 3 -0.5 0.5 1 1.5 




[3.6] - [8.0] (Vega) [5.8] - [8.0] (Vega) 

Fig. 1. — A comparison of the [3.6] — [8.0] (left) and the [5.8] — [8.0] (right) colors of the sources 
identified with the proximity match technique (white) and the Bayesian technique (grey). 
Note that the Bayesian technique identifies significantly more sources without introducing 
new populations when comparing color baselines that are large ([3.6]-[8.0]) and small ([5.8]- 
[8.0]). ' 
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Fig. 2. — The Bayesian match statistics results for 3.6yum identifications of XBootes sources. 
79% of the X-ray objects have IR matches at the 95% confidence level or greater. 85% of 
the X-ray objects have matches at 80% confidence level and above. 
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Fig. 3. — Histogram of [3.6] - [4.5] colors for three sets of the X-ray detected sample. The 
light grey histogram is for all matched objects with > 5er detections in the blue channels (3.6 
and A.bfxm) (median 0.49). The hatched histogram plots the [3.6] - [4.5] colors for objects 
with >5<t in all four channels (median 0.56). The dark grey histogram plots those objects 
lacking >5<r detections in the two red channels (5.8 & 8.0/xm) (median 0.44). Note that 
although objects with >5<j detections in all four channels are slightly redder in [3.6] - [4.5] 
color than those without 5.8 and 8.0 /zm detections, the blue side of the distributions are 
similar in shape and numbers so that there is not a significant population of X-ray objects 
with very blue [3.6] - [4.5] colors that is being missed. 
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[5.8] - [8.0] (AB) 
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Fig. 4. — Mid-infrared color-color diagram for all 1325 XBootes detections with >5<r de- 
tections in all four IRAC ban ds. Region A is th e empirically defined region of AGN based 
on optical spectroscopy from IStern et all (120051 ) . Region B has less IR luminous AGN at 
z > 1 as shown by the colo r track from z = to 2 of the SO/Sa galaxy VCC1003=NGC4429 
based on a template from iDevriendt et all (119991 ) . This region also contains the extension 
of region A which was excluded in the optical due to the possibility of redshifted starburst 
galaxies as shown by the M82 color track which has a star formation rate ~ 4000 times higher 
than VCC1003. Region C is the extension of region A representing less luminous AGN and 
sources at redshifts with prominent emission lines in the 3.6 /zm bandpass. Region D likely 
is dominated by lower luminosity AGN and starbursts. Due to the limited sensitivity of the 
XBootes survey, the highest redshift starburst galaxy will not likely be detected beyond a z 
= 0.12 noted by the triangle. Region E is a combination of X-ray emitting stars in our own 
galaxy and optically extended sources (noted as crossed boxes), presumably from nearby 
(non-AGN) E/S0 galaxies with bright X-ray emitting gas. 
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Fig. 5. — Distributions of soft (0.5 - 2 keV) X-ray counts, hard (2-7 keV) X-ray counts, and 
Hardness Ratios = (H-S)/(H+S) for XBootes sources in five regions of mid-IR color-color 
space. (See Figure 4). 



